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Mutations of the Homeobox Genes Dlx-1 and Dlx-2
Disrupt the Striatal Subventricular Zone
and Differentiation of Late Born Striatal Neurons
Stewart A. Anderson,* Mengsheng Qiu,* contains two distinct cell populations. The pseudostrati-
fied ventricular epithelium (PVE; located in the ventricu-Alessandro Bulfone,* David D. Eisenstat,
lar zone, VZ) is the first to form and is adjacent to theJuanito Meneses, Roger Pedersen,
ventricle. The nuclei of proliferating cells in the PVEand John L. R. Rubenstein
undergo a cyclical displacement from the ventricularNina Ireland Laboratory of Developmental
surface, where mitosis occurs, to a region deeper withinNeurobiology
the wall of the neural tube,where DNA replication occursCenter for Neurobiology and Psychiatry
(Sauer, 1936; Takahashi et al., 1993; Bhide, 1996). ADepartment of Psychiatry and Programs
secondary proliferative population (SPP; located pre-in Neuroscience and Developmental
dominantly in the subventricular zone, SVZ) extendsBiology
from the basal portion of the VZ to a deeper regionUniversity of California at San Francisco
within the ventricular wall (Takahashi et al., 1993; Bhide,San Francisco, California 94143
1996). The nuclei of cells in the SPP do not move to the
ventricular surface during mitosis (Smart, 1961). Evi-
dence suggests that the SPP is generated from PVE-
derived cells (Halliday and Cepko, 1992; Takahashi etSummary
al., 1995; Bhide, 1996).
The fate of cells generated within the SVZ (postmitoticThe striatum has acentral role in many neurobiological
cells from the SPP) is poorly understood. Beginning inprocesses, yet little is known about the molecular con-
the perinatal period, the rodent SVZ gives rise to gliatrol of its development. Inroads to this subject have
(Levison et al., 1993; Luskin and McDermott, 1994) andbeen made, dueto thediscovery of transcription factors,
to interneurons of the olfactory bulb (Luskin, 1993). Re-such as the Dlx genes, whose expression patterns
cent data indicates that proliferation within the SVZ ofsuggest that they have a role in striatal development.
the lateral ganglionic eminence (LGE), the primordia ofWe report that mice lacking both Dlx-1 and Dlx-2 have
the striatum (Deacon et al., 1994), begins as early asa time-dependent block in striatal differentiation. In
E11.0 (Sheth and Bhide, 1997). This finding suggeststhese mutants, early born neurons migrate into a stria-
that some striatal neurons are generated from the SVZ.tum-like region, which is enriched for markers of the
It is unknown whether the proliferative populations ofstriosome (patch) compartment. However, later born
the VZ and SVZ have distinct roles in generating differentneurons accumulate within the proliferative zone. Sev-
striatal cell types (Halliday and Cepko, 1992; Sheth and
eral lines of evidence suggest that mutations in Dlx-1
Bhide, 1997).
and Dlx-2 produce abnormalities in the development The striatum (caudoputamen complex) has several
of the striatal subventricular zone and in the differenti- levels of organization, including the striosome (patch)
ation of striatal matrix neurons. and matrix domains. Striosome and matrix domains
have different patterns of connectivity: striosome cells
receive inputs from deep parts of neocortical layer VIntroduction
and project to the pars compacta of the substantia nigra,
whereas matrix neurons receive input from superficialDevelopment of the central nervous system (CNS) re-
parts of neocortical layer V and project to thepars reticu-quires an ordered series of processes, beginning with
lata of the substantia nigra (Goldman-Rakic, 1982; Ger-neural induction and specification of the histogenic pri-
fen, 1992). In addition, the striosome and matrix domainsmordia of distinct neuroanatomical regions, such as the
have distinct histochemical and adhesive propertiescerebral cortex and the striatum (Lumsden and Krum-
(Graybiel and Hickey, 1982; Krushel and van der Kooy,lauf, 1996; Rubenstein and Shimamura, 1997). Once the
1995). As in other CNS regions, the time when an LGE
anlagen have been specified, genetic programs are de-
cell undergoes its last mitotic division is correlated with
ployed that regulate region-specific proliferation, lin-
its fate in the striatum. For instance, striosome cells are
eage specification, differentiation, and migration.
generally ªbornº earlier than matrix cells (Brand and
Regional specification occurs whenthe CNS is a pseu-
Rakic, 1979; van der Kooy and Fishell, 1986).
dostratified neuroepithelium of undifferentiated, mitoti- A genetic analysis of the mechanisms that control
cally active cells. Cell division in this proliferative zone striatal development was initiated through the identifica-
generates additional multipotent neuroepithelial cells, tion of candidate regulatory genes that are preferentially
as well as cells with more restricted fates. In general, expressed in the embryonic basal telencephalon (re-
once a cell is committed to a neuronal lineage, it leaves viewed by Rubenstein and Shimamura, 1997). The Dlx
the cell cycle and migrates away from the proliferative homeobox gene family consists of six known murine
zone to settle in the mantle zone, where it will complete members, four of which are expressed in two regionally
differentiation. restricted domains of the developing forebrain, includ-
In the developing telencephalon, the proliferative zone ing the striatal anlage (the LGE). Dlx-1 expression and
Dlx-2 expression are indistinguishable (Bulfone et al.,
1993a); their transcripts are detected in the VZ and SVZ.
Dlx-5 and -6 are expressed in the same forebrain regions*These authors contributed equally to this work.
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as are Dlx-1 and -2 (Simeone et al., 1994), but their
transcripts are found in more differentiated cells (Liu et
al., unpublished data; Figure 6).
To study the roles played by Dlx-1 and Dlx-2 in fore-
brain development, we generated mouse strains lack-
ing functional copies of these genes (Qiu et al., 1995;
Qiu et al., 1997). Because Dlx-1 and Dlx-2 are closely
linked (McGuinness et al., 1996), a single large deletion
was made to generate mice lacking both genes (Qiu et
al., 1997). Mice heterozygous for these mutations are
fertile and appear normal, while homozygote mutants
are not viable (Dlx-2 and Dlx-1/Dlx-2 mutants die within
a few hours after birth; Dlx-1 mutants die within the
first month of life), apparently due to craniofacial and/
or enteric nervous system defects (Qiu et al., 1995; Qiu
et al., 1997). In the forebrain of Dlx-1 2/2 mice, no
abnormalities have been detected. Analysis of the fore-
brain of Dlx-2 2/2 mutants revealed normal histology
but a reduction of tyrosine hydroxylase (TH) immunore-
active interneurons in the olfactory bulb (Qiu et al.,1995).
In this paper, we describe forebrain abnormalities in
the Dlx-1/2 double mutants. Differentiation of early born
striatal neurons produces a striosome-like compartment
in the mutant striatum. However, later born cells accu-
mulate and differentiate abnormally within the mutant
LGE, so that few cells born during the period of matrix
neurogenesis are present in the mutant striatal mantle.
The onset of these abnormalities appears to coincide
with the emergence of the SVZ as thedominant prolifera-
tive region in the LGE. In addition, several putative regu-
latory genes that are normally expressed in the subcorti-
cal SVZ are undetectable in the mutant LGE. Based
upon these results, we propose that Dlx-1 and Dlx-2,
by regulating the expression of Dlx-5, Dlx-6, and other
genes, are required for SVZ function and the differentia-
tion of striatal matrix neurons.
Results
Dlx-1 and Dlx-2 Have Redundant Functions
for Striatal Development
Dlx-1 and -2 are expressed in the proliferative zones
of the subcortical telencephalon that give rise to the
striatum and other basal ganglia structures (Porteus et
al., 1991; Robinson et al., 1991; Price et al., 1991). To
study the effects of the Dlx-1, Dlx-2, and Dlx-1/2 muta-
tions on forebrain development, a histological analysis
of Nissl-stained sections was performed on the brains
of animals sacrificed on the day of birth (P0). While the
subcortical telencephalon of the single mutants appears
normal (Figure 1A), this region of the Dlx-1/2 2/2 mice
is markedly abnormal (no defect has been detected in
the Dlx-1/2 heterozygotes). Histological defects are
Figure 1. Histological Analysis of Dlx-1, Dlx-2, and the Dlx-1/Dlx-2
Mutants at P0
(A and B) Cresyl violet-stained coronal hemisections through the
striatum reveal normal histology in the Dlx-1 2/2 (A, left) and the (F) High power views of DARPP-32 expressing cells in the regions
Dlx-2 2/2 mutants (A, right), while the double mutant (B, right) has indicated by the arrows in (E). Note the presence of these striatal
an abnormal, cell-dense periventricular region, the LGE*. markers in the presumptive striatum (St*) of the Dlx-1/Dlx-2 2/2
(C-G) Histochemical and immunohistochemical analyses of coronal mutants.
hemisections (Dlx-1/Dlx-2 1/2, left; 2/2, right). (G) GAD-67 immunoreactivity in the olfactory bulb (OB).
(C) Acetylcholinesterase histochemistry. LGE, lateral ganglionic eminence; St, striatum; V, lateral ventricle.
(D) Tyrosine hydroxylase immunoreactivity. LGE* and St* refer to the LGE and St in the Dlx-1/2 2/2 animals.
(E) DARPP-32 immunoreactivity. Scale bars, 200 mm.
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Figure 2. Comparison of Proliferation and Differentiation Zones of the Developing Normal and Dlx-1/2 2/2 Striata
Coronal hemisections compare expression of a neuronal marker (MAP2; lower panels) and markers of proliferation (BrdU incorporation into
nuclei 30 min after its administration or PCNA expression; upper panels) in wild-type or heterozygote (left) and mutant (right) animals. At
E12.5, in the wild-type (A and C) and mutant (B and D) striatal anlage, there is little or no overlap of BrdU-positive cells (A and B) and MAP2-
expressing cells (C and D). However, at E15.5 (E±H), MAP2-expressing cells (arrow in H) in the mutant LGE* are in the same region where
there are BrdU-positive cells in (F). Note the relative locations of the MAP2-expressing cells in the LGE and LGE* (arrows in G and H). At P0
(I±L), again, there is a distinct boundary in the heterozygote (I and K) between MAP2 immunoreactivity and the region of proliferating cells
(PCNA immunoreactivity), whereas the mutant LGE* contains both MAP2- and PCNA-expressing cells (J and L). LGE and MGE, lateral and
medial ganglionic eminences; VZ and SVZ, ventricular and subventricular zones; St, striatum; V, lateral ventricle. Scale bar, 300 mm.
most evident in the striatum and olfactory bulbs. In this is supported by evidence from neuronal birthdating
studies described in a subsequent section (Figure 3).paper, we have focused our analysis on the Dlx-1/2
mutant striatum, whose periventricular region has an
accumulation of densely packed, darkly-stained cells Abnormal Colocalization of Proliferating
and Differentiated Cells in the LGE*that resemble the undifferentiated cells of the LGE; for
this reason we have named this region the LGE* (Figure In the Dlx-1/2 mutants, the histological appearance of
the LGE* suggests that it contains undifferentiated pro-1B). Ventrolateral to the LGE* is an area that has the
histological appearance of a small striatum (St*). liferating cells. To test this possibility, we studied the
proliferative and histochemical properties of the LGE*.
Several methods confirmed that many of the cells inDlx-1/2 Mutants Have Striatal-like Tissue
That Is Enriched for Striosomal Markers the LGE* are proliferating. Basic fuchsin staining was
used to study the general histology and to identify mi-The striatum-like region (St*) in the Dlx-1/2 2/2 mice
was further characterized using histochemical markers totic figures. This approach showed that the LGE* and
the LGE have similar cell densities at P0 (z2.2 cells/10of the mature striatum. These included: DARRP-32, a
phosphoprotein associated with the D1 dopamine re- mm2). While both the LGE* and LGE had mitotic figures
scattered throughout their extent (data not shown), theceptor that is preferentially distributed in striosomes at
P0 (Foster et al., 1987); acetylcholinesterase (AchE), an LGE* has a much lower density of mitotic figures (LGE*:
13/mm2; LGE: 86/mm2). Expression of the proliferatingenzyme that is associated with neonatal striosomes
(Murrin and Ferrer, 1984; Snyder-Keller, 1991), and tyro- cell nuclear antigen (PCNA; Carmen et al., 1992), as well
as BrdU incorporation (data not shown), support thissine hydroxylase (TH), an enzyme that is present in axon
terminals from the substantia nigra (SN) and that is also result (Figure 2J).
The markedly reduced density of proliferating cellsenriched in the neonatal striosomal compartment (van
der Kooy, 1984). All three of these markers were present within the LGE* suggests that it contains a large popula-
tion of postmitotic cells. To test this hypothesis, wein the St* (Figures 1C±1F). Thus, as defined by the ex-
pression of markers for striatal neurons and for afferents studied the expression of proteins found in striatal neu-
rons. Neither the LGE nor the LGE* expressed a varietyfrom the SN, a striosome-like compartment forms in the
Dlx-1/2 mutant striatum. of markers found in differentiated striatal neurons, such
as dopamine- and cyclic adenosine 39:59-monophos-Due to the lack of matrix-specific markers at P0, we
were unable to determine by immunohistochemistry phate-regulated phosphoprotein (DARPP-32; Figure 1E)
or nitric oxide synthase (data not shown). On the otherwhether matrix cells were present in the St*. However,
the fairly uniform distribution of striosomal markers in hand, many LGE* cells expressed microtubule associ-
ated protein-2 (MAP2; Figure 2L). MAP2 is a cytoskeletalthe St* suggest that few matrix cells are located in this
region (Krushel and van der Kooy, 1995). This hypothesis protein found primarily in postmitotic, postmigratory
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Figure 3. The Effects of the Dlx-1/Dlx-2 Mutation on Early Versus Late-Born Striatal Precursors
Pregnant females received a single injection of BrdU at E11.5 (A and B), or at E15.5 (D and E), and the location of labeled cells was compared
in littermates at P0. (C) and (F) show cresyl violet-stained sections in close proximity to the mutant sections (B and E). Note that while the
E11.5 injection labels cells in the mutant St* (B), most of the cells labeled by the E15.5 injection remain within the LGE* (E). St, striatum; LGE,
lateral ganglionic eminence. Scale bar, 200 mm.
neurons (Crandall et al., 1986; Chun and Shatz, 1989; Abnormal Migration of Later-Born LGE*
Cells in the Dlx-1/2 MutantsJohnson and Jope, 1992). In the developing striatum,
MAP2 immunoreactivity normally forms a boundary be- Neuronal differentiation is associated with the migration
of postmitotic cells from the proliferative zone to thetween the proliferative and postmitotic zones (Figure
2K; Halliday and Cepko, 1992; Porteus et al.,1994). Thus, mantle. This process was assessed in the Dlx-1/2 mu-
tants using two methods: vital dye staining with DiI inthe LGE* differs from the LGE in that it contains both
proliferating and partiallydifferentiated neurons (Figures organotypic slice cultures and BrdU birth-dating. For the
latter experiments, pregnant animals received a single2J and 2L).
To establish why there are MAP2-expressing cells in injection of BrdU at E11.5, E12.5, E15.5, or E16.5, and
the location of the BrdU-labeled cells was analyzed atthe LGE*, we began by studying the onset of this abnor-
mality. Pregnant mice at different developmental stages P0 (see Figure 3 for E11.5 and E15.5 injections). Based
upon extrapolation from data generated in rats, thewere given injections of bromodeoxyuridine (BrdU;
Miller and Nowakowski, 1988) 30 min prior to sacrifice. E11.5 injection should label only neurons of the stri-
osomal compartment, while the E15.5 injection wouldBoth the PVE/VZ and the SPP/SVZ were detectable in
the LGE of wild-type and mutant animals, using the BrdU be expected to primarily label matrix neurons (van der
Kooy and Fishell, 1986; Song and Harlan, 1994). In wild-method (Figures 2A, 2B, 2E, and 2F) and basic fuchsin
counterstaining for mitotic figures (data not shown). At type and heterozygous animals, BrdU pulses at both
E11.5 and E15.5 labeled cells throughout the striatalE12.5, the expression of MAP2 and proliferation markers
did not overlap in the LGE* of the Dlx-1/2 mutant (Figures mantle (Figures 3A and 3D). In the mutants, the E11.5
injection also primarily labeled cells that populate the2A±2D). However, at E15.5 there was an abnormal pres-
ence of both MAP2-positive and proliferating cells in St* (Figure 3B); in contrast, most of the mutant cells
labeled by the E15.5 pulse remained within the LGE*the LGE* (Figures 2E±2H); this abnormality first became
apparent at E13.5 (data not shown). (Figure 3E). Injection at E12.5 produced an intermediate
result, with labeled cells present in both the LGE* andThese results suggest that Dlx-1/2 mutants have a
time-dependent defect in striatal histogenesis. At early the St* (data not shown). These data indicate that, begin-
ning at approximately E12.5, some newly postmitoticstages, there is no apparent defect, whereas by E13.5
the SVZ domain of the LGE* begins to contain cells that cells do not migrate out of the LGE*, and by E15.5, most
newly postmitotic cells remain in the LGE*. This result,have partially differentiated. One mechanism that could
account for this abnormality is that cells becoming post- however, does not exclude the possibility that some
migration out of the LGE* does occur, and that the BrdU-mitotic before E12.5 are able to migrate from the prolifer-
ative zone into the mantle, whereascells born after E12.5 positive cells die once they reach the St*.
To further study the ability of LGE* cells to migrate,are arrested in their ability to migrate from the LGE*.
Below, we describe two approaches that were used to we used an organotypic slice culture preparation of the
embryonic forebrain (Tobet et al., 1994). Crystals of DiIaddress this hypothesis.
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was not due to a morphological defect in the radial glia,
as their processes were indistinguishable in bothmutant
and wild-type slices. Normal appearing radial glial fibers
were also found in themutants at E16.5 by immunohisto-
chemistry using the RC-2 antibody (Mission et al., 1988;
data not shown).
These results suggest that in the absence of Dlx-1
and Dlx-2, striatal neurons born around or prior to E12.5
differentiate and migrate into the striatal mantle. How-
ever, most of the later born cells are unable to migrate
out of the proliferative region. Instead, they accumulate
within the LGE*, where they partially differentiate (e.g.,
express MAP2 but not DARPP-32). The onset of this
abnormality (around E12.5) coincides with the develop-
ment of the SPP as the dominant proliferative population
in the LGE (Bhide, 1996), suggesting that this population
is particularly affected by the absence of Dlx-1 and
Dlx-2. The following histological findings, and molecular
data described in the last section of the Results, are
consistent with this hypothesis.
One of the derivatives of the rostral SVZ is the GA-
BAergic interneurons of the olfactory bulb, whose pre-
curors migrate via the rostral migratory stream (Luskin,
1993). At P0, immunoreactivity for glutamic acid decar-
boxylase (GAD), the enzyme which produces GABA, is
greatly reduced in the mutant olfactory bulb (Figure 1G).
TH immunoreactivity, normally present in a subpopula-
tion of GABA-containing periglomerular interneurons, is
also reduced in the Dlx-1/2 (data not shown) and Dlx-2
(Qiu et al., 1995) mutant olfactory bulbs. These results
demonstrate that an important derivative of the SVZ is
abnormal in the absence of Dlx-1 and Dlx-2, perhaps
due to an inability of the precursor cells to migrate out
of the LGE.
Cells of the LGE* Differentiate In Vitro
As demonstrated above, the LGE* contains MAP2-posi-
tive cells that fail to migrate out of the proliferative zone
and lacks markers of differentiated striatum, such as
Figure 4. Cell Migration from the LGE in Organotypic Slice Cultures DARPP-32. To study whether the Dlx-1/2 mutation pro-
Coronal 250 mm thick slices were cultured for 30 hr after the place- duces a cell-autonomous block in the ability of these
ment of a crystal of DiI in the LGE. cells to further differentiate, we made dispersed cultures
(A and B) At E12.5, in both wild-type (left) and Dlx-1/2 2/2 (right) of the LGE* at E18.5. By 12 hr in vitro, cells from theslices, cells migrated out of the LGE and the LGE*, respectively.
LGE* were extending MAP2-positive neurites typical of(C and D) High power flourescence photomicrographs of single cells,
differentiating neurons (Figure 5A), although DARPP-32indicated by the arrows in (A) and (B). Note that the cells do not
have a process leading back to the region of crystal placement, immunoreactivity was not detected (Figure 5B). By 3
suggesting that they were not retrogradely labeled. days in vitro, the majority of both 2/2 and 1/2 neurons
(E±H) At E15.5, there is extensive migration away from the region expressed DARPP-32 (Figures 5C and 5D). In addition,
of dye placement in the wild-type slices (left), but very little migration the mutant neurons were morphologically indistinguish-
in the mutant slices (right). In (G) and (H), the fluorescence was
able from1/2 neurons,as revealed by immunoreactivityphotoconverted into a DAB product.
for TuJ1 (Figures 5E and 5F). Moreover, cells immunore-LV, lateral ventricle. Scale bar, 250 mm.
active for GFAP were present in the LGE* cultures (Fig-
ure 5H), indicating that both astrocytic and neuronalwere placed into the LGEs of wild-type and Dlx-1/2 mu-
lineages from the LGE* can differentiate in vitro.tant animals, and the locations of DiI-labeled cells were
determined after as much as 48 hr in vitro. At E12.5,
there was no apparent difference between mutant and The SVZ Exhibits Molecular Abnormalities
in the Developing LGE*wild-type slices in the migration of cells from the LGE
to the mantle region (Figures 4A±4D). However, in the The SVZ becomes a prominent proliferative domain in
the LGE around E12.0 (Bhide, 1996). To study its devel-mutant at E15.5 (Figures 4E±4H) and E18.5 (data not
shown), there was much less migration both within the opment in the Dlx-1/2 mutants, we examined the expres-
sion of genes that are transcribed in different regionsLGE* and from the LGE* to the mantle. Available evi-
dence suggests that the abnormal migration at E15.5 of the LGE.
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Figure 5. Immunohistohemical Properties of
Dispersed Cell Cultures from the LGE and
LGE*
(A and B) Expression of MAP2 (A) and
DARRP-32 (B) in cells derived from an E18.5
LGE* that were maintained in culture for 12
hr. Note that while these cells express MAP2,
DARPP-32 expression was not detectable
(DARPP-32 was also not detectable in the
wild-type E18.5 LGE samples).
(C±H) Analysis after 72 hr in culture. Greater
than 50% of the cells were immunoreactive
for DARPP-32 in both mutant (C) and wild-
type (D) preparations. Expression of the neu-
ron-specific microtubule protein TuJ1 (Lee et
al., 1990) is present in both mutant (E) and
wild-type (F) cells; TuJ1-labeled cells of both
genotypes have neuronal morphology. GFAP-
positive glial cells were also present in the
LGE*-derived culture after 72 hr in vitro (G).
(H) shows an immunohistochemisty negative
control using the same LGE* preparation that
is shown in (C) (no primary antibody was in-
cluded).
Genes in the Dlx family are expressed at different mutants produce a small striatum-like region that is en-
riched for early born neurons and markers of the strioso-stages of differentiation within the subcortical telen-
mal compartment. Adjacent to the lateral ventricle, thecephalon (Liu et al., unpublished data). Dlx-1 and -2 are
mutants have an enlarged SVZ-like region that containsprimarily expressed in the VZ and the SVZ, Dlx-5 is
a relatively low density of proliferating cells intermixedprimarily expressed in the SVZ and the mantle, and Dlx-6
with partially differentiated late born neurons. The onsetis primarily expressed in the mantle (Figures 6A±6C). In
of these abnormalities, and alterations in the expressionthe E12.5 mutant, expression of Dlx-5 was absent from
of several genes normally present in the SVZ, suggestthe LGE*, while both Dlx-5 and -6 were expressed in the
that Dlx-1 and Dlx-2 play an important role in regulatingnarrow strip of mantle (Figures 6B and 6C). Dlx-5 and
phenotypic specification of particular lineages that are-6 expression in the LGE* continued to be absent at
derived from this proliferative zone. Mutation of theE14.5 (Figure 6E; data not shown). Other genes ex-
genes disrupts differentiation within and/or migrationpressed in the SVZ of the LGE were also not detected
out of the SVZ.in the LGE*, such as the POU-homeodomain genes Oct-
6/SCIP/Tst-1 and Brn-4 (Mathis et al., 1992; Wegner et
Dlx-1 and -2 Are Essential for ªLateºal., 1993; Figure 6D; data not shown).
Neurogenesis of the StriatumThus, Dlx-1 and -2 are required for the expression of
An important feature of the developing central nervousseveral transcription factors in the SVZ (see summary
system is the relationship between a cell's birthdate anddiagram in Figure 7). In addition, Dlx-1 and -2 are also
its fate. In the telencephalon, earlier born neurons formrequired to restrict the expression of Lhx-2, a Lim-
the deeper neocortical layers and striosomal compart-homeobox gene, to the VZ of the LGE. Expression of
ment of the striatum, while later born cells form theLhx-2 expanded into the region of the presumptive SVZ
superficial neocortical layers and the striatal matrix (An-
of the LGE* at E12.5 (data not shown) and at E14.5
gevine and Sidman, 1961; van der Kooy, 1986). Here,
(Figure 6F).
we provide evidence that Dlx-1 and -2 regulate this pro-
cess in the striatum. Birthdating and cell migration stud-
Discussion ies (Figures 3 and 4), as well as the time of appearance
of partially differentiated neurons within the mutant LGE
We report that mice lacking both homeobox genes (Figure 2),demonstrate that early (zE10.5±E12.5) striatal
Dlx-1 and Dlx-2 have a time-dependent block in striatal histogenesis appears normal, whereas at later times
differentiation. Regional specification within the telen- most of the postmitotic neurons do not exit the prolifera-
tive zone. At P0, the striatum-like tissue (St*) in the Dlx-1/cephalon does not appear to be grossly disrupted. The
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Figure 6. Effect of the Dlx-1/Dlx-2 Mutation on the Expression Patterns of Homeodomain Transcription Factors in the Ganglionic Eminences
(A±D) Dlx-2 (A), Dlx-5 (B), Dlx-6 (C), and Oct-6 (D) expression at E12.5. In the LGE of the wild-type hemisections (left), Dlx-2 is expressed at
the highest levels in the VZ and SVZ, Dlx-5 and Oct-6 in the SVZ and mantle, and Dlx-6 in the mantle. The mutants (right) have greatly reduced
Dlx-5, Dlx-6 and Oct-6 expression in the SVZ (arrow in D). Expression of these genes is maintained in a thin strip of mantle (arrows in B and C).
(E) At E14.5 there is no detectable Dlx-5 expression in the mutant ganglionic eminences.
(F) Lhx-2 expression at E14.5, normally restricted to the VZ (arrowhead in the wild-type hemisection), has expanded into a subventricular
position in the mutant.
Scale bars, 200 mm.
Dlx-2 mutants is enriched both for early born cells and in a subset of VZ cells in the LGE, DLX-2 is expressed
in most cells of the SVZ (Porteus et al., 1994). DLX-1for markers of the striosomal compartment (Figure 1).
In addition, thedistribution of these markers (particularly protein appears to be expressed similarly (Eisenstat and
Rubenstein, unpublished data). These results suggestAchE) is fairly homogeneous compared to the wild-type
animals, suggesting that matrix cells are not present in that Dlx-1 and Dlx-2 may function in a subpopulation of
VZ-derived cells that form the proliferative populationthe St*. The inhomogeneities in AchE expression that
are present appear to be due primarily to AchE-negative of the SVZ. Evidence of clonal heterogeneity within the
proliferative zones of the LGE supports this possibilityfiber tracts, rather than to unstained cells. In sum, de-
spite the difficulty of identifying matrix cells at P0, these (Halliday and Cepko, 1992; Acklin and van der Kooy,
1993; Krushel et al., 1993). In the Dlx-1/2 mutants, al-findings are consistent with the hypothesis that strioso-
mal neurons migrate and differentiate in the Dlx-1/2 mu- though an SVZ-like proliferative region forms (Figure
2B), gene expression within and histogenesis from thetants, whereas matrix neurons do not.
mutant SVZ is abnormal. The following phenotypic fea-
tures of the Dlx-1/2 mutants support this point.Dlx-1 and -2 Are Required for SVZ Function
It is largely unknown how different neuronal lineages are First, the timing of the development of the SVZ as the
dominant proliferative population within the LGE corre-segregated in the developing telencephalon. We have
previously shown that while DLX-2 protein is expressed lates well with the onset of abnormalites in the Dlx-1/2
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shown) implies that the function of these genes is largely
redundant in the forebrain. On the other hand, the muta-
tion of Dlx-2, but not of Dlx-1, affects the development
of a specific neuronal lineage, tyrosine hydroxylase-
expressing periglomerular interneurons in the olfactory
bulb (Qiu et al., 1995; data not shown). This result indi-
cates that, like their roles in craniofacial development,
Dlx-1 and Dlx-2 functions are not fully redundant in the
forebrain (Qiu et al., 1995; Qiu et al., 1997). Consistent
with this is the observation that antisense inhibition of
Dlx-2 in primary neuroepithelial cultures partially re-
presses neuronal differentiation (Ding et al., 1997). It is
unclear at this point why the antisense Dlx-2 experiment
has a more profound effect on differentiation than the
Dlx-2 mutation.
Most of the cells accumulating within the LGE* ex-
press MAP2 (Figure 2), a marker of postmitotic neurons,
suggesting that Dlx-1 and -2 are not essential for allFigure 7. Summary of Gene Expression and a Model of Striatal De-
velopment in Wild-Type and Dlx-1/2 Mutant Mice aspects of neurogenesis from the SVZ. In fact, although
(A) Schema summarizing gene (Dlx-1, -2, -5, and -6; Oct-6; and cells in the LGE* are not immunoreactive for proteins
Lhx-2) and protein (MAP2) expression patterns in the VZ, SVZ, and found in more mature striatal cells, when dispersed in
mantle of the LGE in wild-type and mutant E12.5 and E14.5 animals. culture these cells are capable of further differentiation.
The expression boundaries are approximations, and indicate the
Specifically, they extend neurites and become immuno-domains of highest gene expression. It is unclear whether Dlx-5
reactive for DARPP-32 in a fashion that is indistinguish-and -6 expression in the mutant at E12.5 is in the mantle of the LGE
able from wild-type SVZ cells. These results suggestor is in the paleocortex that overlies this region.
(B) Model of striatal development proposing that the striosomal that the absence of Dlx-1 and Dlx-2 does not result in
compartment derives directly from neurons generated in the VZ, a cell autonomous block in differentiation. Rather, the
whereas matrix neurons derive from proliferating cells in the SVZ. mutant phenotype could result from the inability of later
In the Dlx-1/2 mutants, a defect in migration from the SVZ* may
born cells to migrate out of the proliferative zone. Inresult in a failure to form the striatal matrix.
vivo, these cells may be unable to further differentiate
due to the repressive effects of cell±cell contacts or the
mutants. Neurogenesis in the LGE begins around E10.5, extracellular milieu, which are eliminated in the dissoci-
when proliferation is occuring in the VZ. During the next
ated culture.
48 hr, the SVZ becomes the predominant source of pro-
Two general possibilities could account for the inabil-
liferation within the LGE, so that cells born after this
ity of later born, primarily SVZ-derived cells to migrate
point are primarily derived from the SVZ (Bhide, 1996;
normally in theDlx-1/2 mutant LGE. The primary problemSheth and Bhide, 1997). This transition correlates with
could be the inability of the cells to migrate due, forthe onset of migration (Figures 3 and 4) and differentia-
example, to abnormalities in the cellular machinery fortion (Figure 2) defects in the Dlx-1/2 mutants. However,
movement, the function of ion channels that are knownit is unclear whether the later born VZ cells are also
to regulate the cytoskeleton (Rakic and Komuro, 1995),affected in the mutants, or whether they comprise the
or alterations in the extracellular environment. In thisfew late born cells that appear to migrate into the mutant
case, partial differentiation of neurons in the LGE*striatal mantle (Figure 3).
may occur despite their abnormal location. Alternatively,Second, the expression of several genes in the SVZ*
the primary problem may be one of premature differenti-(Dlx-5, Oct-6, and Brn-4) is lacking (Figure 6; data not
ation. In this case, the expression of MAP2 within theshown). In addition, the expression of Lhx-2, which is
LGE* would be indicative of the cells failing to maintainnormally restricted to the VZ of the LGE, expands into
a relatively undifferentiated state that is compatible withthe SVZ* (Figure 6F).Thus, Dlx-1 and -2 areeither directly
migration. Future transplantation studies, and studiesor indirectly required for restricting the expression of
that identify genes which are dysregulated in the Dlx-Lhx-2 to the VZ, and inducing the expression of Dlx-5,
1/2 mutants, should provide insights into the mecha-Oct-6, and Brn-4 in the SVZ.
nism(s) underlying this block in migration and differenti-Third, one of the cell types that is known to be pro-
ation.duced by the subcortical SVZ is the olfactory bulb in-
terneuron (Luskin, 1993). In the Dlx-1/2 mutants, GAD
immunoreactivity was not detectable in the mantle of
Evidence That Different Dlx Gene Family Membersthe olfactory bulb (Figure 1G). This finding demonstrates
Are Required at Different Steps ina severe defect in interneuron development, and further
Striatal Differentiationsupports the hypothesis that Dlx-1 and -2 are essential
There are six known murine Dlx genes (Stock et al.,for the differentiation and/or migration of SVZ-derived
1996), four of which have been demonstrated to be ex-neurons.
pressed in the developing forebrain (Liu et al., unpub-
lished data). In the LGE, Dlx-1 and -2 expression beginsImplications of the Double Mutant Phenotype
around E9.5 when it is primarily in the SVZ. A subpopula-for Dlx-1 and Dlx-2 Function
tion of VZ cells also expresses these genes, particularlyThe fact that the striatum in the Dlx-1 and the Dlx-2
single mutants appears normal (Figure 1; data not near the cortical±subcortical boundary (Bulfone et al.,
Abnormal Striatal Development in Dlx-1/Dlx-2 Mutants
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were injected intraperitoneally with 40 mg/kg of BrdU and sacrificed1993b; Fan et al., 1996). Dlx-5 is expressed strongly in
30 min later (as in Figure 2), or gestation was continued to term (asthe SVZ and relatively weakly in the mantle, while Dlx-
in Figure 3). The labeled cells in the SVZ (Figures 2A and 2B) belong6 is expressed weakly in the SVZ and strongly in the
to the SPP, since the first movement of PVE cells following BrdU
mantle (Figure 6; Liu et al., unpublished data). This pat- incorporation (S phase) is toward the ventricular surface, and since
ternsuggests that these genes function atdifferent steps 30 min post injection, labeled cells located more than 36 mm from
in differentiation (Figure 7). In the Dlx-1 and -2 mu- the ventricle have been shown to belong to the SPP (Bhide, 1996).
tants, Dlx-5 and Dlx-6 are absent from the SVZ* (Fig-
ure 6). It remains to be determined whether Dlx-5 and Organotypic Culture
-6 are directly or indirectly regulated by Dlx-1 and -2. Organotypic slice cultures of embryonic mouse forebrain were pre-
Thus, while Dlx-1 and -2 are required for Dlx-5 and -6 pared as previously described (Tobet et al., 1994), with several modi-
fications. Briefly, embryos were placed in ice cold Krebs bufferexpression in the SVZ, and for the generation of late
containing 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.2 mMborn neurons, they are not required for Dlx-5 and -6
MgCl2, 2.5 mM CaCl2, 11 mM glucose, and 25 mM NaH03. Brainsexpression in the mantle at E11.5 and E12.5 (Figure
were removed and embedded in 5% low-melt agarose (Seakem).6; data not shown). This finding is consistent with our
250 mm thick coronal sections were then cut on a vibrotome into
hypothesis that early born neurons migrating into the cold Krebs buffer, and the sections were transferred to sterile Krebs
mutant striatum (St*) do not require Dlx-1 and -2, and buffer (pH 7.4; filtered Krebs with 10 mM HEPES, penicillin, strepto-
lends support to the idea that there are several lineages mycin, and gentamicin) on ice. After 15 min, the sections were trans-
ferred to polycarbonate culture membranes (diameter, 13 mm; poregenerating neurons of the striatum (Halliday and Cepko,
size, 8 mm; Costar) in Falcon organ tissue culture dishes containing1992; Acklin and van der Kooy, 1993; Krushel et al.,
1 ml of medium (Gibco MEM with glutamine, 10% fetal calf serum,1993). One lineage, which would be independent of
and pen/strep antibiotics). They were subsequently placed in a ster-
Dlx-1 and -2, is derived directly from the VZ and pro- ile incubator (5% CO2, 378C) for 1 hr, after which the medium was
duces the early born striosomal neurons. Another lin- changed to Neurobasal/B-27 (Gibco). DiI crystals (MolecularProbes,
eage, would be dependent on Dlx-1 and -2, is derived about 100 mm) were placed using an insect pin and a dissection
microscope. After incubation for various times, the slices were fixedfrom the SVZ and produces the late born neurons of the
in 4% paraformaldehyde/PBS at 48C for at least 4 hr, and mountedstriatal matrix (Figure 7).
on glass slides under Vectashield mounting medium (Vector). Slices
were visualized on a Nikon optiphot microscope using rhodamineExperimental Procedures
fluorescence filters.
Histology
Estimates of mitotic figure densities and cell counts were made Dissociated Culture
from 4 mm paraffin sections stained in 0.1% basic fuchsin and exam- To produce dispersed cell cultures, wild-type and mutant mice at
ined under a Nikon Optiphot-2 microscope. To estimate the density E18.5 and P0 weretreated as follows. Embryos were placed in sterile
of mitotic figures, the area of the proliferative zone was determined Hank's buffer, and the brains were removed and embedded in 5%
using NIH image 1.6 software on images scanned from color slides. low-melt agarose (Seakem). Coronal 800 mm sections were cut on
For cell counts, an eye piece reticule was used. Five nonconsecutive a vibratome into sterile Kreb's buffer, and the striatal VZ/SVZ was
coronal sections were analyzed in each of two P0 Dlx-1/2 mutant dissected away from the striatal mantle under a dissection micro-
and two wild-type littermates. The sections were located caudal to scope. Dispersed cell cultures were made by mechanical trituration.
the genu of the corpus callosum and rostral to the hippocampal Approximately 1 3 105 cells were plated per well (eight-well chamber
commissure. slides, Lab Tek). Culture media and conditions were the same as
those previously described (Vaccarino et al., 1995). Immunohisto-
Immunohistochemistry and Histochemistry
chemistry was performed as described above. Antibodies used were
Immunohistochemical methods for Figure 1 were as follows. Neo-
as follows; anti-beta-tubulin class III (TuJ1 clone) monoclonal anti-
nates were anesthetized by cooling and perfused with 4% parafor-
body (1:2000; a generous gift from A. Frankfurter), and anti-GFAP
maldehyde in phosphate buffered saline (PBS), postfixed 8 hr, cryo-
polyclonal antibody (1:1000; Chemicon). In Figure 5, the samplesprotected, cut into 10±20 mm sections, and mountedonto Superfrost
shown in panels 5A±5D and 5H were processed together followingPlus (Fisher) slides (except in the case of DARRP-32, in which 30
the primary antibody step.
mm floating sections were used). Sections were preincubated in 5%
normal goat serum with 0.3% Triton-X 100 in PBS, then incubated
overnight at 48C. The following antibodies were used: mouse mono- In Situ Hybridization
clonal anti-DARPP-32, 1:5000 dilution (a generous gift of D. Hen- In situ hybridization experiments were performed using 35S ribo-
ning), and rabbit polyclonals anti-GAD-67, 1:2000 (Chemicon), and probes on 10 mm frozen sections as described previously (Bulfone
anti-TH, 1:2000 (Pel-Freez). Sections werethen incubated in biotinyl- et al., 1993a).
ated secondary antibodies (Vector) and processed by the Vector
ABC histochemical method. AchE histochemistry was performed
as described (Schlagger and O'Leary, 1994). In each experiment, Acknowledgments
sections from homozygous mutants and their wild-type or heterozy-
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sections for BrdU staining were pretreated in 2N HCL/0.1 M PBS Dimes, the John Merck Fund, Pfizer Pharmaceuticals, the Human
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